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SPUTTERING AT OBLIQm AIVGLES OF ION INCIDENCE 
By Thomas W. Snouse 
Ames Research Center 
Moffett Field, Calif. 
The sputtering yield and angular distributions of sputtered material were 
measured for obliquely incident nitrogen ions of energy 0.5 to 7.0 kev on poly- 
crystalline copper. 
the angle of incidence, a, increased from 0' to 600. Angular distributions of 
sputtered atoms were asymmetric with a peak away fromthe incident ion beam at 
low energies, but tended to become symmetric at higher energies. 
energy distributions were peaked about the normal and were not cosine distri- 
butions. 
Sputtering yields increased in proportion to l/cos a as 
The high 
A model of mono- and polycrystalline sputtering was constructed, based on 
the properties of collision events correlated because of crystal structure. 
The monocrystalline model qualitatively explains such phenomena as spot pat- 
terns, dependence of yield upon crystal orientation,and the decrease in yield 
with increasing crystal temperature. The polycrystalline model correctly pre- 
dicts the observed angular distributions of sputtered material, and it also 
explains related phenomena such as the decrease in sputtering yield at glanc- 
ing angles of ion incidence, the increase in mean kinetic energy of sputtered 
atoms with increased ion energies (at energies beyond the maximum yield 
energy), and the depth of origin of sputtered atoms. 
INTRODUCTION 
In an effort to delineate the mechanisms involved in the sputtering proc- 
ess (erosion of surfaces subjected to energetic ion bombardment), many inves- 
tigators have measured the angular distributions of sputtered (ejected) 
material. An examination of the literature reveals, however, that considerable 
confusion remains because of apparent inconsistencies in the data. Specifi- 
cally, the angular distributions of sputtered material have been variously 
reported to be cosine, and either over cosine or under cosine about the surface 
normal, or away from the surface normal. These terms are illustrated in figure 
1. 
inconsistencies. 
The present investigation was undertaken in an effort to resolve these 
In the sections to follow, the experimental results and a model of the 
sputtering process will be presented. 
and angular distributions of sputtered material for polycrystalline copper 
bombarded by 0.5 to 7.0 kev NZ ions at angles of incidence from Oo (normal to 
the surface) to 600. 
The results consist of sputtering yields 
The model will be related to the above data and the data 
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of others, and then applied t o  other aspects of sputtering, namely, t h e  fall- 
off of y ie ld  a t  glancing angles of ion incidence, t h e  m e a n  k ine t ic  energy of 
sputtered atoms, and the  depth of or ig in  of sputtered atoms. 
EXPERIMENTAL PROCEDURE 
Sputtering y ie lds  were measured by determining t h e  weight l o s t  by tar-  
ge ts  which had been bombarded by a known number of ions.  The sputtered m a t e -  
r i a l  w a s  collected on cel luloid,  and i t s  density, as a function of e jec t ion  
angle, w a s  measured with a microdensitometer. Further d e t a i l s  of t h e  appara- 
t u s  and procedure a r e  given below. 
Apparatus 
All measurements were made with t h e  ion accelerators  described i n  d e t a i l  
i n  references 1 and 2.  These machines u t i l i z e  a radio frequency ion source 
t o  supply a 100 t o  3OOpa m a s s  analyzed beam of pos i t ive  ions of energy from 
0 . 1 t o  8 kev. The energy dispersion of the  ions w a s  small, usual ly  l e s s  than 
50 ev. The background pressures ranged from 5X10-6 t o  5X10-7 t o r r .  
of t he  ion bombardment r a t e  t o  t h e  impingement r a t e  of t h e  background neut ra l  
gas molecules w a s  generally i n  t h e  range between 0.3 and 60. 
t he  range where changes i n  y ie ld  due t o  ambient pressure have been noted ( r e f s .  
3 and 2) and no e f f ec t s  ascribable t o  pressure were seen. 
f r e e  of contamination a f t e r  bombardment. 
The r a t i o  
This i s  above 
Targets appeared 
The t a rge t  temperatures during sput ter ing were between 30' and 50° C .  The 
t a rge t s  were machined from e l e c t r i c a l  grade bar stock. 
used f o r  f i n a l  polish,  and acetone as the  f i n a l  r i n se .  The degree of pol ish 
w a s  not c r i t i c a l  because the  erosion r a t e s  averaged between 3 and 6 monolayers 
per second, and the  surfaces, therefore,  quickly exhibited macroscopic etching. 
N o  differences were noted i n  e i the r  y ie ld  or deposit  pat tern between measure- 
ments made with a f r e sh ly  polished t a rge t  and measurements made with a t a rge t  
having a p r io r  sput ter ing h is tory .  
Jeweler's rouge w a s  
Yield Determination 
Yields were calculated from t h e  t a rge t  weight loss, as measured by a 
microbalance, and the  integrated current t o  the  t a rge t ,  as measured by a cur- 
ren t  in tegra tor .  The reproducibi l i ty  of t he  balance w a s  55p.g and the  average 
weight removed f o r  each data  point w a s  100Op.g. The in tegra tor  accuracy was 
+1 percent. 
Secondary electrons w e r e  suppressed by a cy l indr ica l  electrode surround- 
ing the  t a rge t .  
t o  t h e  ta rge t ,  t he  lower voltage being used at lower ion energies.  Visual 
This electrode w a s  kept 100 t o  300 v o l t s  negative with respect 
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inspection ensured t h a t  t he  ion incidence angle w a s  not perceptibly changed 
by the  poten t ia l  of t h e  suppressor electrode. 
N o  y ie ld  data f o r  angles of ion incidence grea te r  than 60' from normal 
a re  presented because of uncertaint ies  introduced a t  these angles by a lumi- 
nous beam seen leaving the  t a r g e t  p a r a l l e l  t o  t he  t a r g e t  surface and i n  the  
d i rec t ion  away from the  incident beam. This beam w a s  not analyzed, but prob- 
ably consisted of metastable gas and t a rge t  atoms as w e l l  as some gas ions.  
These ions leaving the  t a r g e t  make t h e  t a rge t  current measurements a t  glancing 
angles uncertain.  Similar e f f ec t s  a t  higher energies, coupled with a drop i n  
yield,  have been observed by Molchanov and Tel'kovskii ( r e f ,  4) and by Rogers 
( r e f .  5 ) .  
The over-all  accuracy of t h e  y ie ld  measurements i s  estimated t o  be within 
i-5 percent. Most of t h e  spread i n  the  observed data  can probably be ascribed 
t o  the  semimicroscopic var ia t ions  i n  c r y s t a l l i t e  or ien ta t ion  on the  t a rge t  sur- 
face, and t o  t he  experimental d i f f i c u l t y  of reproducing the  beam shape and 
locat ion on t h e  t a r g e t .  
Angular Distr ibut ion of Sputtered Material 
The t r ans i t i on  from measurement of y ie ld  t o  measurement of angular d i s -  
t r i bu t ion  of sputtered mater ia l  w a s  accomplished by t h e  subs t i tu t ion  of a 
c i rcu lar  ce l lu lo id  co l lec tor  of radius 3.64 cm f o r  t h e  suppressor e lectrode.  
The c i r cu la r  geometry w a s  necessary t o  prevent e r rors  due t o  a change i n  the  
s t icking probabi l i ty .  I n  ea r ly  experiments with f l a t  co l lec tors  it w a s  found 
t h a t  t he  s t ick ing  probabi l i ty  of copper on ce l lu lo id  decreased as glancing 
angles were approached. It w a s  a l so  found, f o r  t h e  neut ra l  atom f luxes used 
i n  t h i s  experiment (averaging 4X1013 copper atoms per CI$ per sec),  t h a t  the  
i n i t i a l  difference i n  the  s t icking probabi l i ty  f o r  a copper atom impinging on 
bare ce l lu lo id  and one impinging on an area covered with copper made no d i f -  
ference i n  the  f i n a l  deposi t .  
The copper deposits began t o  oxidize a f t e r  being exposed t o  the  atmosphere 
f o r  a day. For t h i s  reason, t h e  densi ty  w a s  measured within an hour of removal 
of t h e  co l lec tor  from the  vacuum system. 
The densi ty  of t h e  col lected deposits was measured by a double beam 
microdensitometer. The instrument w a s  l i nea r  within the  range of dens i t ies  
used, as ve r i f i ed  by reproducing a s ingle  d i s t r ibu t ion  with d i f f e ren t  over- 
a l l  co l lec tor  dens i t i e s .  If t h e  densi ty  exceeded t h i s  range, re f lec t ions  
from t h e  metal l ic  deposit caused an incorrect  densi ty  measurement. 
deposit, on the  other hand, had too  l i t t l e  contrast  and the  resu l t ing  small 
s igna l  f romthe  densitometer w a s  hgrd t o  analyze because of s m a l l  shifts  i n  
the  ins'crument's zero level ,  var ia t ions  i n  the  ce l lu lo id  backing, and lag 
i n  the  instrument. For these reasons, any individual point i n  the  angular 
d i s t r ibu t ion  curves may be i n  e r ro r  by as much as 20 percent. However, these 
e r rors  could not s ign i f i can t ly  s h i f t  t h e  angular locat ion of t h e  maximum nor 
grea t ly  a f f ec t  t h e  shape of t h e  d is t r ibu t ion .  Duplicate experiments gave a 
reproducibi l i ty  of 5 percent and this  i s  taken as t h e  over-al l  e r ro r  of t h e  
A t h i n  
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distributions. The 5-percent variation (considering the known influence of 
lattice orientation on copper sputtering yields, refs. 6, 7, and 8) can be 
ascribed to the shift of the ion beam from one group of crystallites to 
another, or the exposure of new crystallites by sputtering. Accordingly, 
great care was taken that the beam was small, of constant and reproducible 
size and shape, and extremely well centered on the target. 
it may be noted that distributions obtained with normally incident ions were 
syrmnetrical. 
As a further check, 
Sputtering Yields at Oblique Angles of Ion Incidence 
+ The sputtering yield of copper bombarded by IT2 is presented in figure 2 
as a function of ion energy for various angles of ion incidence CL. As 
expected, the yields increase with energy and with angle of ion incidence. 
Figure 3 presents the yield data as a function of incidence angle for var- 
ious ion energies. 
normalized yields are slightly below a l/cos CL 
case), and the departure becomes more pronounced as a increases. It is 
apparent that extension of these measurements would be desirable for the range 
60° < a ,  < 90'. 
itations did not allow good data to be obtained in this region. 
The angular yields are normalized to the 0' yield. These 
curve (excepting the 0.5 kev 
Unfortunately, as mentioned previously, the experimental lim- 
Angular Distribution of Sputtered Material 
The measured angular distributions of sputtered material are shown in 
figures 4, 5, and 6 as polar plots. 
maximum, and a cosine distribution, shown by a dotted line, is included for 
comparison. The incident beam is indicated by an arrow. 
Each distribution was normalized to its 
Figure 4 illustrates the change in distribution with increasing ion energy 
at a constant ion incidence angle of 30'. 
other angles. 
cosine distribution in figure 4( f) . 
The behavior is typical of that at 
The change is from decided asymmetry in figure 4(a) to an over 
Fi ure 5 shows the distributions obtained at ion incidence angles of Oo, 
30°, 45 ' , and 60' at 4 kev. Although the yield changes from 4.3 to 7.4 atoms 
per ion, the distribution shape remains roughly the same. Some slight 
asymmetry is noted in the 60° case. 
Figures 6(a) and 6(b) (normally incident N2f at 6 kev and 4 kev IT: at 30°) 
are a comparison of angular distributions whose sputtering yields are nearly 
equal. The mean free paths normal to the surface differ by roughly 35 per- 
cent.1 The distributions are similar, both being over cosine. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  
lThe mean free paths are estimated by the method of Bohr -(ref. 9 ) .  
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Figures 4(e) and 5(a) (5 kev NZ at 30' and 4 kev Ng at normal incidence) 
are a comparison of angular distributions whose mean free paths normal to the 
surfac,e are equal. Once 
again the distributions are similar. 
The corresponding yields are 5.2 and 4.4 atoms/ion. 
Figures 6(c) and 6(d) (normally incident N+ at 5 kev and 1 kev Nz at 30°) 
are a comparison of angular distributions whose yields are nearly equal. 
Because of the smaller size of the N+ atom, the mean free path in the first 
case is five times as long as that in the second. The distributions are not 
similar, indicating that depth of penetration may be a factor in the angular 
distribution of sputtered material. 
It may also be noted that a cosine distribution might not be obtained at 
any energy for some ion-metal combinations. 
butions at energies of 3, 4, and 5 kev (figs. 4 and 5) are examined, it is 
seen that the distributions have changed from asymmetric to symmetric by the 
atrophy of the asymmetric spur and the growth of the peak about the normal. 
This transition is apparently accomplished without passing through a cosine 
distribution. 
If the 30' incident angle distri- 
Perhaps the most striking result of these experiments is the demonstration 
of the existence of both symmetric and asymmetric angular deposits for a single 
ion-metal combination. Although many angular distributions are to be found in 
the literature, none has been in an energy region such as to demonstrate this 
transition from one distribution to another. Consequently, until now, there 
has been some doubt that the variety of reported distributions was in any way 
consistent. 
MODEL OF THE SPUTTERING PROCESS 
This section attempts to construct a qualitative model of the sputtering 
process consistent with the preceding data. The immediate object is the under- 
standing of physical situations where sputtering may occur, and not the actual 
calculation of measurables, although these calculations may follow as more 
single crystal sputtering data are obtained. The discussion will be confined 
to copper, but is readily extended to other substances. The model incorporates 
the ideas of many workers, but in general, it is most consistent with the 
treatment by Harrison (ref. 10). 
Monocrystalline Sputtering Model 
Present day momentum transfer sputtering theories, for energies on the 
order of 1 to 100 kev, draw the following picture. An energetic ion impinging 
on a metal lattice penetrates a mean distance A before making a collision. 
The struck lattice atom and the ion make further collisions in the near neigh- 
borhood of the initial collision, forming a cascade of energetic lattice atoms. 
In turn, these energetic atoms m y  travel between rows of lattice atoms (as 
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dynamic crowdions), s tart  a se r i e s  of focusing replacement co l l i s ions  ( r e p l i -  
cons), or i n i t i a t e  a ser ies  of focusing co l l i s ions  without replacement 
(focusons) .z 
the  l i t e r a t u r e  ( r e f s .  13 through SS), t h e  mechanics of co l l i s ion  processes i n  
an ordered l a t t i c e  w i l l  be reviewed b r i e f l y  here s ince they determine the  
e s sen t i a l  fea tures  of the  model. 
Although co l l i s ion  processes have been t r ea t ed  extensively i n  
Silsbee ( r e f .  14)  orginal ly  suggested t h a t  t h e  l a t t i c e  s t ruc ture  of a 
c rys t a l  implied a correlat ion between successive co l l i s ions  i n  a damage proc- 
ess .  He showed tha t ,  f o r  most metals, energy focusing along a close-packed 
l i n e  of ztoms could be expected i f  t h e  c r i t e r i o n  w a s  satis- 
f i ed ,  where d/ro 
diameter and P i s  t h e  angle between t h e  i n i t i a l  impact and t h e  ax is  of t h e  
close-packed l i n e .  Since the  e f fec t ive  co l l i s ion  cross sect ions decrease 
with increasing energy of interact ion,  d/ro increases with energy. This 
imposes a ce i l ing  on the  i n i t i a l  energy of a focuson. 
estimated t h a t  t h i s  energy i s  on the  order of 63 ev f o r  focusing i n  t h e  close- 
packed d i rec t ion  i n  copper'. 
but higher than t h a t  f o r  a focuson, while t h e  crowdion has no ce i l ing  energy. 
d/ro <, 2 cos P 
i s  t h e  r a t i o  of atomic l a t t i c e  spacing t o  e f fec t ive  atomic 
Liebfried ( r e f .  15) 
The ce i l ing  energy of a replicon i s  indefini te ,  
These processes a re  important i n  any theory of sputtering, since t h e i r  
The 
combined e f f ec t  i s  the  t ransport  of energy f rom t h e  i n i t i a l  co l l i s ion  s i t e  
f o r  a distance grea te r  than t h a t  predicted by simple diffusion theory.  
ranges of energy t ransport  f o r  t he  co l l i s ion  sequences increase i n  t h i s  order, 
crowdion, replicon, focuson. As an i l l u s t r a t i o n ,  an energetic atom might 
t r a v e l  f o r  5 atomic diameters as a crowdion, losing energy by glancing c o l l i -  
s ions.  It might then i n i t i a t e  one or several  replicons of range 10 t o  20 
atomic diameters. I n  turn,  as energy i s  lo s t ,  an i n t e r s t i t i a l  may be formed, 
while a focuson ca r r i e s  t he  remainder of t h e  energy f o r  distances up t o  100 
atomic diameters. For examples of t he  above behavior, r e f e r  t o  Gibson, Goland, 
Milgram, and Vineyard ( r e f .  19). 
a l s o  propagate i n  next nearest  neighbor direct ions (although with reduced e f f i -  
ciency), a predict ion t h a t  has subsequently been ve r i f i ed  by the  production of 
spots corresponding t o  these direct ions i n  s ingle  c rys t a l  deposit pa t te rns .  
These workers also predicted t h a t  focusons 
These ranges a re  l imited by the  mechanisms of energy l o s s .  For a crow- 
dion, t he  pr inc ipa l  losses  are  due t o  glancing co l l i s ions  with the  atoms i n  
the  rows between which the  crowdion i s  t rave l ing .  For focusons and replicons, 
there  are t w o  main types of l o s s  i n  .a pure substance. F i r s t ,  as  t he  momentum 
i s  being focused down a r o w  of l a t t i c e  atoms, t he  i n i t i a l  co l l i s ions  which a re  
a t  an angle t o  t h e  axis  of atoms w i l l  leave t h e  o r ig ina l  p a r t i c l e  with some 
remaining momentum. Second, since a co l l i s ion  with the  next atom i n  a chain 
occurs a f t e r  t he  f i r s t  atom has moved away f r o m  i t s  l a t t i c e  s i t e ,  t he  f irst  
atom i s  l e f t  i n  a region of higher po ten t i a l  energy, with respect t o  i t s  neigh- 
bors, and thus has not been able t o  t r ans fe r  a l l  of i t s  i n i t i a l  k ine t ic  energy. 
- -  
-entheses have a r i s en  i n  analogy t o  the  phonon, since 
momentum i s  
p a r t i c l e  or  
These terms 
13) - 
focused in to  cer ta in  c rys t a l  d i rec t ions  and i s  t ransfer red  by a 
pa r t i c l e - l i ke  process i n  these direct ions with l i t t l e  attenuation. 
w i l l  henceforth be used f o r  t h e  sake of brevi ty  ( r e f s  . 11, 12, and 
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This i s  t r u e  even i n  t h e  case of head-on co l l i s ions .  Other energy losses  can 
a r i s e  fromthermal v ibra t ion  of t he  l a t t i c e  atoms, from the  presence of atoms 
of d i f fe ren t  atomic weight, and from defects  i n  the  l a t t i c e  s t ruc ture .  
Sputtering occurs when a crowdion, replicon, or focuson ar r ives  a t  a sur- 
face with su f f i c i en t  energy remaining f o r  t he  escape of a l a t t i c e  atom. The 
escaping atom has t h e  energy of, say, a focuson minus t h e  sublimation energy 
and leaves on the  average i n  t h e  focusing d i rec t ion .  
This, i n  turn,  implies t h a t  t he  number, energy, and d i rec t ion  of sput- 
t e r ed  atoms a re  determined not by t h e  surface properties,  but by t h e  volume 
properties of t h e  mater ia l .  This point cannot be too  strongly emphasized, f o r  
it i s  the  very hear t  of t h e  model. Surface conditions, f o r  example, roughness 
o r  adsorbed gases, may have a measurable e f fec t ,  but it i s  the  volume proper- 
t i e s  which control  t h e  gross fea tures  of sput ter ing.  
A fu r the r  consideration shows t h a t  ion bombardment creates  t w o  energy pop- 
ulat ions within t h e  l a t t i c e .  The f i r s t  population consis ts  of t he  crowdions, 
replicons, and focusons, which rapidly remove energy f r o m  the  co l l i s ion  a rea .  
The second population consis ts  of t he  atoms l e f t  i n  a s t a t e  of thermal exci ta-  
t i o n  by the  l o s s  mechanisms of t h e  f i rs t  population. This energy i s  d i s s i -  
pated by phonons i n  a time perhaps an order of magnitude longer than t h a t  
taken by the  processes of t he  f i rs t  population. This thermal energy may be 
high enough t o  cause some sputtering, and Thompson and Nelson ( r e f .  20) give 
evidence, f r o m  ve loc i ty  analysis  of sputtered atoms, t ha t ,  i n  cer ta in  cases, 
t h i s  mechanism may be responsible f o r  some 4 t o  12 percent of t he  t o t a l  y ie ld .  
The most s ign i f icant  r e s u l t  of these considerations i s  the  emphasis on 
c rys t a l  s t ruc ture  as a v i t a l  parameter i n  the  sput ter ing process. The follow- 
ing phenomena provide a c r i t i c a l  t e s t :  t h e  deposit spot pat terns  obtained a t  
a l l  ion energies as a r e s u l t  of s ingle  c r y s t a l  bombardment ( fcc ,  bcc, and hcp 
c rys t a l s )  ( r e f s .  21  and 22), t he  dependence of y i e ld  upon s ingle  c rys t a l  
or ientat ion ( r e f s .  6, 7, and 8),  and the  decrease i n  sputtering y ie ld  of poly- 
c rys t a l l i ne  materials w i t h  increasing temperature ( r e f s .  23, 7, and 2 ) .  Spot 
pat terns  a re  readi ly  explained by t h i s  model, since they are  d i r e c t l y  re la ted  
t o  the  focusing d i rec t ions .  Indeed they may have been the  stimulus t h a t  l ed  
t o  a description of focusing phenomena ( r e f s .  14 and 21 ) .  The var ia t ion  of 
y ie ld  with c rys t a l  or ientat ion follows from t w o  considerations.  F i r s t ,  t he  
penetration of t he  ion i s  determined by the  ''transparency" of t he  c rys t a l .  
The deeper the  penetration, t he  lower t h e  yield,  and consequently, t he  m o s t  
open or ientat ions of a c rys t a l  have the  lowest y ie lds .  Second, t he  number of 
co l l i s ion  processes reaching t h e  surface i s  determined by the  number of near- 
e s t  and next nearest  neighbor direct ions whose d i rec t ion  i s  out of t he  surface, 
t h e i r  angle with t h e  surface normal, and t h e  r e l a t i v e  eff ic iency of energy 
propagation along these axes. The decrease i n  y ie ld  observed as a function of 
temperature i n  the  range 20' t o  500° C can best  be explained by noting t h a t  
high temperatures reduce chaining ef f ic iency  ( r e f .  1 4 )  and thus reduce y ie ld  
( r e f .  2 ) .  
predicted by theor ies  based on t h e  assumption of i so t ropic  mater ia l .  
Thus the  model gives a qua l i t a t ive  explanation f o r  behavior not 
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Polycrystal l ine Sputtering Model 
I n  order t o  t rea t  the  problem of polycrys ta l l ine  sputtering, t h i s  s ing le  
event model must be placed i n  a s t a t i s t i c a l  framework, which appears t o  be 
j u s t i f i e d  i f  t he  or ien ta t ion  of c r y s t a l l i t e s  i n  a polycrystal  i s  t r u l y  random. 
It i s  fu r the r  j u s t i f i e d  i n  terms of i n t e rp re t a t ion  of experimental resu l t s ,  as 
a la rge  number of impacts i s  necessary f o r  a s ingle  sput ter ing measurement. 
This approach then allows the  computation of t h e  mean f r e e  path of t he  ion and 
t h e  subsequent momentum f lux  probabi l i t i es  on the  bas i s  of an i so t ropic  medium 
However, s ince an individual  c r y s t a l l i t e  i s  l a rge r  than the  volume influenced 
by a s ingle  impact, c r y s t a l  s t ruc ture  s t i l l  determines the  momentum range and 
thus r e t a ins  a determining r o l e  i n  t h e  sput ter ing process.  
Figure 7 i s  a cross-sect ional  schematic drawing of t h i s  sput ter ing model. 
The wavy l i n e  represents t he  t a rge t  surface.  A n  ion en ters  the  surface a t  an 
angle a and penetrates  a depth A before making a co l l i s ion  with s ign i f icant  
energy t r a n s f e r .  The mean crowdion range, Re, then out l ines  a volume i n  which 
most of t he  cooling ( the  prerequis i te  degradation of co l l i s iona l  energy below 
the  replicon and focuson ce i l ing  energy) takes  place.  Because crowdion range 
i s  determined by the  k ine t i c s  of t he  o r ig ina l  co l l i s ion ,  t he  range i s  a func- 
t i o n  of d i rec t ion  and therefore  biased i n  the  forward d i rec t ion .  It i s  repre- 
sented here by an e l l i p so id  whose focus i s  placed a t  the  point of i n i t i a l  
co l l i s ion ,  and whose f o c i  a r e  separated by 2a.  The s i z e  and shape of t h i s  
volume would become two adjustable  parameters i n  any quant i ta t ive calculat ions 
from t h i s  model. 
The surface of t h i s  volume then becomes t h e  source of replicons and focus- 
ons. Since t h e i r  i n i t i a l  energy i s  l imited,  t h e i r  range i s  independent of 
i n i t i a l  direct ion,  and t he  large sphere of radius R i l l u s t r a t e s  t h i s .  Actu- 
a l l y  t h i s  volume must be an e l l ipso id ,  because i t s  generator w a s  e l l i p so ida l .  
Since R i s  t h e  sum of the  focuson and repl icon ranges Rf and Rr, plus a 
s m a l l  contribution from the  i n i t i a l  e l l ipso id ,  and Rf and Rr >> Re, the  
e l l i p so id  may be closely approximated by a sphere centered a t  A + a .  
Although the  range of a focuson or repl icon i s  independent of direct ion,  
the f lux  i s  not.  The momentum f l u x  must be biased i n  the  forward direct ion,  
and t h i s  i s  i l l u s t r a t e d  by the  spacing of t he  t i c k s  out l ining the  sphere of 
maximum range. 
must be a parameter dependent upon the  energy t r a n s f e r  f ac to r .  
Once again i n  a quant i ta t ive calculat ion t h i s  f l u x  d i s t r ibu t ion  
Two points  should be mentioned before the  close of t h i s  discussion. F i r s t ,  
the  i l l u s t r a t i o n  of maximum range i n  f igure  7 should not be taken as indicating 
t h a t  a l l  focusons have the  maximum range. Actually isorange spheres could be 
drawn t o  indicate  t h a t  some focusons or  replicons began with l e s s  than the  
ce i l ing  energy. 
may be t r ea t ed  i n  s i m i l a r  fashion, i t s  volume spherical ,  of radius RT and 
centered a t  A + a .  The order of magnitude of RT i s  Re < RT << R .  
Second, it may be noted t h a t  t h e  region of thermal exc i ta t ion  
The behavior of R as a function of incident ion energy i s  necessar i ly  
complex. A t  low energies, roughly between 0 .1  and 1 kev, few replicons would 
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be formed, since t h e  average energy avai lable  a f t e r  t he  i n i t i a l  ion co l l i s ion  
i s  i n  t h e  range of t he  ce i l ing  energy f o r  focusons. Therefore R = R f .  A t  
intermediate energies, 1 t o  10 kev, t he  replicon range begins t o  extend R.  
When the  ce i l ing  energy f o r  replicon formation i s  reached, R becomes essen- 
t i a l l y  independent of energy, and it i s  a t  t h i s  point t h a t  the  sput ter ing y ie ld  
begins t o  decrease as  a function of energy. 
The model a l s o  leads t o  t h e  following predictions f o r  t he  d is t r ibu t ion  of 
mater ia l  sputtered by obliquely incident ions.  
1. Where ion penetration normal t o  the  surface i s  s m a l l  ( A  cos a < 1/2 R), 
as would be t h e  case a t  l o w  energies or at  glancing angles of incidence, an 
asymmetric d i s t r ibu t ion  of sputtered mater ia l  i s  expected. This i s  due t o  t h e  
large var ia t ion  of t h e  momentum f lux  function over t he  wide so l id  angle of 
focusons able t o  reach t h e  surface.  
corner of f igure  8. 
This i s  i l l u s t r a t e d  i n  the  upper left-hand 
2 .  A t  medium energies (represented by f i g .  7 where A COS a = 3/4 R ) ,  t he  
asymmetries should become l e s s  noticeable because, although t h e  surface area 
f a l l i n g  within the  R sphere i s  larger ,  t he  so l id  angle subtended by the  sur- 
face i s  smaller. Therefore the  change in  the  momentum f lux  function over t h e  
surface i s  smaller. T h i s  change i s  a l so  opposed by the  shorter  path length t o  
the  surface taken by normally ex i t ing  focusons. This example exhibi ts  t he  m a -  
i m u m  yield.  
3 .  A t  high energies, where A cos a IR, only those focusons arr iving a t  
angles near ly  normal t o  t he  surface can cause sput ter ing.  Therefore, the  angu- 
lar  d i s t r ibu t ion  of sputtered pa r t i c l e s  should peak about t he  surface normal as 
i n  t h e  case of normal incidence sput ter ing.  
which i s  drawn t o  t he  same scale  as  f igure  7. 
This i s  i l l u s t r a t e d  i n  f igure  8, 
4. Since the  ion penetration i s  dependent upon ion and t a rge t  a tom ' s  
atomic number, the  r e l a t ive  energies f o r  t r a n s i t i o n  f r o m  one type of behavior 
t o  t he  next must vary f o r  each ion-metal combination. 
incident upon a given metal should y ie ld  a symmetric d i s t r ibu t ion  at a lower 
energy than a heavy ion upon the  same metal. 
That is, a l i g h t  ion 
COMPARISON WITH EXPERIMENT 
The experimental data  presented agree i n  a l l  respects with the  predictions 
of t he  model. A s  a fur ther  check the  model w i l l  be compared with the  angular 
d i s t r ibu t ion  data  of others .  I n  addi t ion we s h a l l  discuss b r i e f ly  t h e  insight 
given by the  model i n t o  the  re la ted  problems of t h e  y ie ld  a t  glancing angles of 
ion incidence, t he  mean k ine t ic  energy of sputtered atoms, and the  depth of 
or ig in  of sputtered atoms. 
The e a r l i e s t  measurements of angular d i s t r ibu t ion  of sputtered mater ia l  
were made by Seeliger and Sommermeyer ( r e f .  24) who found cosine d is t r ibu t ions  
f o r  5 t o  10 kev Ar+ on s i l v e r  and molten gallium at  angles < 4 5 O .  Since argon 
i s  r e l a t i v e l y  heavy, some departure f r o m  the  cosine l a w  would be expected. It 
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is entirely possible that the structure may have been lost because of the small 
(1 em radius) size of their collecting surface. 
results are to be considered as only a first approximation and no mention is 
made of any but a visual determination of deposit density. 
The authors remark that their 
Wehner (ref. 21) and Wehner and Rosenberg (ref. 25) obtained obliquely 
incident 100 to 400 ev Hg' on Mo and Ni in a glow discharge by bombarding the 
edges of a plate. Although the angles of incidence are not Imown, the deposit 
was definitely away fromthe incident beam, in agreement with prediction 1. 
20 kev Ai-' on copper at 50°. 
some slight asymmetry, but over-all the result agrees with prediction 3. 
Rol, Fluit, and Kistemaker (ref. 26) found an over-cosine distribution for 
A close examination of their distribution reveals 
Stein and Hurlbut (ref. 27) report aspmetric distributions obtained by 90 
to 450 ev noble gas (He+, Ne+, Ai-', Xe', Kr+)  bombardment of potassium at vari- 
ous angles. Their distributions are in good agreement with predictions 1 and 4. 
Patterson and Tomlin (ref. 28) report unique distributions for 5 and 10 
kev Ar+ on gold at 20'. 
a slight peak in the beam direction. 
general agreement with prediction 2. 
The distributions were very close to cosine, but with 
Their angular distribution results are in 
Grbnland and Moore (ref. 29) report a cosine distribution for 4 kev Ne' on 
Ag at 60'. Repetition of the experi- 
ment in our laboratory produced asymmetrical deposits, but we have found no 
explanation for the discrepancy between the two sets of results. 
This is in conflict with prediction 1. 
Pleshivtsev (ref. 30)  found an asymmetric departure fromthe cosine distri- 
bution for 54 and 40 kev hydrogen ion beams on copper at 60°. In this extreme 
case of light ions at high energy, such a result does not agree with predic- 
tions 3 and 4. However, it should be noted that the unanalyzed beam contained 
more than 1 percent 02+ and N2 ions formed by charge exchange at lower energy 
than the beam. Since this much impurity concentration is known to affect the 
yield data considerably (ref. 3l), it probably also explains the asymmetry. 
However, Grbnland and Moore (ref. 29) report a similar, though less pronounced, 
departure for 9 kev deuterons incident on silver at 60°. They advance the idea 
that the large (-10 percent, see ref. 32) probability for specular reflection 
of these light ions may allow the reflected ions to sputter a surface atom and 
so account for the enhanced sputtering in the forward direction. 
4- 
More experimental evidence in this region would be desirable, since the 
limits of the model are evidently approached. This is because light ions are 
unable to transfer large amounts of energy in a single collision. The mean 
free path between the first and second collisions may be quite large and give 
rise to several crowdion centers rather than the single center in the simple 
model considered here. 
It is apparent that the model offers a description of sputtering behavior 
that is consonant with the majority of the angular distribution evidence. 
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Decrease of Yield a t  Glancing Angles of Ion Incidence 
Molchanov and Tel'kovskii ( r e f .  4) have measured yields  as  a function of 
a = 660, reached a maximum at  about 
angle of incidence i n  t h e  case of 27 kev Ar+ on copper. They found t h a t  t h e  
y ie ld  was proportional t o  l /cos a 
7 5 O ,  and f e l l  off as  t he  angle of incidence increased. They a l so  measured the  
energy of t he  fast  pa r t i c l e s  emitted by the  t a rge t  a t  angles close t o  glancing. 
They found t h a t  while t h e  energy i n  t h i s  beam increased qua l i t a t ive ly  with the  
observed f a l l o f f  of yield,  t h e  quant i ta t ive agreement w a s  not good. 
example, a t  a = 7 8 O  t h e  f r ac t ion  of t he  or ig ina l  beam energy re f lec ted  w a s  6 
percent, while t he  deviation of t h e  magnitude of t h e  sput ter ing from l/cos a 
w a s  40 percent.  Dushikov, e t  a l .  ( r e f .  33) found t h a t  t h e  m a x i m u m  y ie ld  as a 
function of angle of incidence sh i f ted  t o  l a rge r  and l a rge r  angles as  t h e  ion 
mean free path increased. 
u n t i l  
For 
This behavior i s  explained by noting that  pa r t  of t he  crowdion volume may 
in te rsec t  t he  surface. Thus there  i s  a probabi l i ty  t h a t  crowdions escape with 
s izable  energies. Their escape before they have cooled reduces t h e  number of 
focusons and replicons formed and thus reduces the  y ie ld .  
Mean Kinetic Energy of Sputtered Atoms 
Kopitzki and S t i e r  ( r e f .  34) have published t h e  r e su l t s  of extensive meas- 
urements of t h e  mean k ine t i c  energy of sputtered atoms. The cases studied 
were 20 t o  60 kev Ne+, Ar+, Kr+, and Xe+ ions incident over a range of angles 
on various metals. They found t h a t  t he  mean k ine t ic  energy of t h e  sputtered 
atoms increased with increasing ion penetration. This d i f f e r s  from the  behav- 
i o r  of t he  sputtering yield,  which, t o  a f i rs t  approximation, i s  inversely 
dependent on the  ion penetration a t  these energies.  
This behavior i s  not predicted by t h e  model i f  only focusons, e t c . ,  are  
considered, since a t  high ion energies, t h e  longer focuson paths t o  t he  surface 
should cause mean energy t o  decrease. However, i n  t h i s  case, the  atoms sput- 
t e r ed  by thermal processes must be considered. 
Since a thermally sputtered atom has energy l e s s  than 1 ev ( r e f .  20) com- 
pared t o  the  -6 t o  100 ev energy of an atom sputtered by other co l l i s ion  mecha- 
nisms, t h e i r  e f f ec t  i n  reducing the  mean k ine t i c  energy i s  sizable,  although 
they may represent l e s s  than 10 percent of t he  atoms sputtered. 
As  t he  penetration increases, most of t h e  thermal exc i ta t ion  takes  place 
a t  too grea t  a depth t o  contribute t o  sputtering, and the  mean energy of t h e  
sputtered atoms r i s e s  as a consequence. 
11 
Depth of Origin of Sputtered Atoms 
The model pred ic t s  t h a t  t he  majority of sputtered atoms are  surface atoms. 
However, Patterson and Tomlin ( r e f .  28) concluded t h a t  a large number of sput- 
t e r ed  atoms or ig ina te  from f i n i t e  depths, and t h a t  these atoms are  responsible 
f o r  t h e  deviations of t he  sputtered mater ia l  from a cosine d is t r ibu t ion .  
These conclusions stemned from two experiments involving double layered 
The f i rs t  experiment had a nonradioactive gold layer  over a radio- t a rge t s .  
act ive gold substrate .  A measurement of t h e  time of appearance of radioactive 
gold atoms versus the  r a t e  of removal of t n e  surface layer  of atoms presumably 
gave values f o r  t he  crowdion range i n  gold. The values s o  obtained gave crow- 
dion range values apparently longer than the  mean f r e e  path of the  ion.3 
additTon, the  m e a n  ranges measured disagreed by an order of magnitude with t h e  
photoneutron react ion r e c o i l  ranges of gold nuclei  i n  gold measured by Van Lint, 
e t  a l .  ( r e f .  37) .  These discrepancies may be explained by pinholes i n  the  
evaporated films or pre fe ren t i a l  sput ter ing of selected c r y s t a l l i t e  or ienta-  
t ions .  
I n  
Their second experiment w a s  t he  measurement of t he  angular d i s t r ibu t ion  of 
radioactive gold atoms sputtered f r o m  a t h i n  layer  of radioactive gold atop a 
nonradioactive gold substrate .  Measured d is t r ibu t ions  more arid more closely 
approached a cosine as the  layer  thinned. I n  view of the  e a r l i e r  remarks con- 
cerning the  v a r i a b i l i t y  of t he  thickness of t h i n  evaporated layers,  it i s  ev i -  
dent t h a t  i n  t he  l a t t e r  cases, some sput ter ing w a s  i n i t i a t e d  by ions which 
passed in to  t h e  substrate .  If there  were d iscont inui t ies  present at t he  i n t e r -  
face, such as would be introduced by adsorbed gas on t h e  substrate  during 
evaporation, t he  passage of focusons t o  t h e  surface would be affected.  
most l i k e l y  e f f ec t  of a l a t t i c e  defect would be t o  stop, o r  t o  s ca t t e r  t he  
focuson, thus producing a cosine d is t r ibu t ion .  
The 
These experiments, then, do not ser iously challenge the  view s t a t ed  by the  
model, t h a t  t h e  bulk of sputtered atoms or ig ina te  a t  t he  surface. Better 
experiments of t h i s  nature would provide a c r i t i c a l  t e s t  of t he  v a l i d i t y  of t h e  
model. 
CONCLUDING REMARKS 
The complexity of the  in te rac t ion  between a metal l a t t i c e  and a beam of 
energetic ions i s  evident from t h e  d ive r s i ty  of r e s u l t s  obtained under various 
experimental conditions. Yet these diverse r e s u l t s  a r e  i n  qua l i ta t ive  agree- 
ment with a model which gives proper consideration t o  the  in te rac t ion  of t he  
- - - ~ 
3Robinson and Oen ( r e f .  35) have recent ly  discovered a phenomenon termed 
I'channeling" o r  "tunnel focusing", where, i n  ce r t a in  cases, crowdions a re  able 
t o  t r a v e l  i n  t he  close-packed direct ions f o r  distances on the  order of focuson 
ranges or longer. This phenomenon occurs l e s s  than 1 percent of t he  time, but 
does explain the  exponential t a i l  of ce r t a in  range curves ( r e f .  36).  
quently, t h i s  contribution t o  sput ter ing i s  neglected here.  
Conse- 
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l a t t i c e  s t ruc ture  with t h e  co l l i s ions  occurring within the  l a t t i c e .  This 
in te rac t ion  produces two populations of energetic atoms capable of contribut-  
ing t o  sput ter ing.  The f i r s t  population, t h e  crowdions, replicons, and 
focusons, i s  responsible f o r  most of t h e  atoms sputtered and explains such 
phenomena as s ingle  c r y s t a l  spot patterns,  decrease i n  y ie ld  with temperature, 
e t c .  The second, or thermal population, composed of atoms at very much lower 
energies, explains such phenomena as the  haze between spots i n  s ingle  c rys t a l  
spot pat terns  and t he  behavior of t he  mean k ine t ic  energy of sputtered atoms 
with ion penetration depth. Thus, although quant i ta t ive predict ion of sput- 
Lering behavior has not yet  been achieved, there  i s  reason t o  believe t h a t  t h i s  
model leads t o  t h e  correct  conclusions as t o  t h e  nature of t h e  sput ter ing proc- 
e s s .  The model successfully c l a r i f i e s  and uni f ies  t h e  diverse d is t r ibu t ions  of 
sputtered mater ia l  obtained experimentally. 
Ames Research Center 
National Aeronautics and Space Administration 
Moffett Field,  C a l i f  ., Jan. 2, 1964 
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